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INTRODUCTION
Bone pain is the most common source of cancer-related pain in patients suffering from metastatic cancer. 1, 2 Current approaches to treating this condition include analgesics, chemotherapy, hormonal therapy, and bisphosphonates for systemic treat-
MATERIALS AND METHODS

Study design and patient population
This study was approved by our Institutional Review Board, and informed consent was obtained from all patients prior to enrollment. The study was supported by a research grant from InSightec (Tirat Carmel, Israel); however, the authors had complete control of the data for the purpose of this study, with no influence from the company during the preparation of this manuscript.
From March to September 2012, six consecutive patients with painful bone metastases were enrolled in our study. One patient was excluded during the screening period due to disease progression that caused paralysis in both legs. Ultimately, five patients were treated with MRgFUS (two females, three males; average age, 60 years; range, 51-68 years). All patients had undergone chemotherapy before the enrollment. One lesion had been treated by RT previously. However, the RT had not been effective; therefore, MRg-FUS treatment was performed on the lesion. One patient was treated twice with MRgFUS for two different lesions, which were conducted about a month apart.
The main inclusion criteria were painful bone metastases with an Numerical Rating Scale pain score of 4 or higher and five or fewer distinguishable lesions, each of which were clearly visible on non-contrast MRI and accessible to the conformal bone system. The critical exclusion criteria were standard contraindications to MR imaging or gadolinium-based contrast agents, active infection or severe systemic disease (excluding the primary malignancy), and target tumors at an impending fracture site of weight-bearing bone or at a depth of less than 1 cm under the skin.
Imaging protocol
Baseline CT and MR images were obtained to identify the tumor size and location, adjacent anatomic structures, and device accessibility. Unenhanced CT imaging (100-120 kV with automated tube current modulation; kernel, B31f; window level, 570 HU; window width, 3000 HU; slice thickness, 3-5 mm; Somatom with CARE Dose4D; Siemens Medical Solutions, Forchheim, Germany) was performed if pre-screening CT images within 1 month before enrollment were not available. MR images included pre-contrast T1-weighted sequences with fat suppression [fast spoiled gradient-echo sequence, repetition time (ms)/echo time (ms), 355/2.18; field of view, 36; matrix, 256×256; band-width, ment; additionally, radiation therapy, percutaneous ablative methods, and surgical stabilization may be used for local control. [3] [4] [5] Although treatment with external beam radiation therapy (RT) is the current standard of care for patients with painful bone metastases, RT has not been effective in 20% to 30% of patients treated with this modality, and re-treatment rates have been generally reported in the range of 10-25%. [6] [7] [8] [9] Furthermore, repeating RT treatment at a site previously irradiated may not be eligible due to limitations in normal tissue radiation intolerance. 10 Magnetic Resonance-guided Focused Ultrasound (MRg-FUS) is a completely noninvasive thermal ablation technique that enables physicians to perform localized ablation of intracorporeal tissue by focusing the acoustic energy precisely at the targeted volume. According to previous studies, MRgFUS used with a body system can be an effective and safe treatment option for patients suffering from painful bone metastases, especially those who fail to obtain adequate pain relief by other preceding therapies or cannot take other treatment due to poor physical and functional status. 8, 11 The development of MRgFUS devices for various clinical pathological conditions is still an ongoing process. One of the recently developed devices is the ExAblate 2100 Conformal Bone System (InSightec, Tirat Carmel, Israel), specifically designed for bone applications. Compared to the original fixed ExAblate 2000 Body System, where the actual transducer is embedded in the MR patient table, the transducer of ExAblate 2100 Conformal Bone System has an external connection to the MR patient table. This transducer is strapped onto the patient, who is then placed on the MRI table and moved into the MRI scanner. These new features enable easy and comfortable access to multiple anatomical locations, and the patient position is more comfortable as they can avoid lying on a painful body site, thereby decreasing pain experienced during treatment. In addition, this device is equipped with an electronically steerable transducer with a higher density (1000 elements), and an integrated built-in skin cooling system that uses a cooled porous membrane. There have been no reports on using this system for patients with bone metastasis that include a long-term follow up.
The goal of this prospective, non-randomized, single-arm study was to evaluate the safety and effectiveness of the ExAblate Conformal Bone System for the palliation of painful bone metastases. cooling system.
After patients were set up with the ExAblate Conformal Bone System by strapping the transducer over the targeted tumor, T2-weighted MR images in all three orientations were acquired to confirm that the transducer was in the correct location relative to the target. Upon completion of CT-MR registration, which assists bone cortex identification, treatment volume was drawn, and the number of treatment sonications that was needed to complete the desired treatment using the MRgFUS system was computed. Test sonications with a low temperature rise were performed to ensure the targeting accuracy; then, sonications at a therapeutic power level were performed. Throughout the treatment, each sonication's location and the temperature elevation in the tissue adjacent to the targeted bone were monitored in real-time ( Fig. 1 ). Immediately after treatment, a series of MR scans including T2-weighted sequences and T1-weighted contrast enhanced sequences were performed to evaluate the general anatomy, the extent of the thermal ablation, and the possibility of eventual unexpected adverse events after the ablative process. There were no differential planning options for osteolytic or mixed lesions available in the version used for these treatments.
Assessment of treatment efficacy and safety
Patients were followed for a period of up to 1 year. The fol-61.05; flip angle, 90°; section thickness, 4 mm] followed by gadolinium-enhanced (Gadodiamide, 10 mg; Omniscan, GE Healthcare, Mississauga, Ontario, Canada) T1-weighted images with the same sequence. T2-weighted sequences with and without fat suppression (fast spin-echo sequence, 6479/74; field of view, 36; matrix, 256×256; bandwidth, 61.05; section thickness, 5 mm) were performed before the contrast-enhanced study.
Treatment process
Before treatment, all patients underwent regional anesthesia using epidural or brachial plexus anesthesia according to the target tumor, and sedation was also administered to alleviate patients' nervousness.
MRgFUS treatments were carried out using a focused ultrasound phased array system (ExAblate 2100 System, InSightec Ltd., Tirat Carmel, Israel) integrated with a clinical 3.0-T MR Scanner (Discovery MR 750; GE Medical Systems, Milwaukee, WI, USA). This new version of the ExAblate Conformal Bone System has a flexible transducer assembly that operates at a lower frequency (550 kHz) and has an acoustic power range of up to 200 W. In addition, it is equipped with an electronically steerable 1000-element transducer (focus steering range, ±35 mm; weight, 1.5 kg with water) and a water-permeable membrane to provide effective acoustic coupling and an integrated built-in skin Conscious sedation was sufficient for five treatments, while one treatment required deep sedation (Table 1) .
Patient 1 was treated at two different sites and followedup 60 days after treatment on the left iliac bone and 30 days after treatment on the right shoulder. Patients 2 and 3 were followed-up 1 year after treatment, while Patients 4 and 5 were followed-up 60 and 30 days after treatment, respectively. Two patients (Patient 1 and Patient 5) died before reaching the last follow-up session, and one patient (Patient 4) was unable to visit for a 3-month CT and MRI due to rapid progression of systemic neoplastic disease. Table 2 shows the changes in the worst VAS scores over time. Significant pain relief was achieved within 3 days (n=3), 7days (n=2), and 14 days (n=1). The two patients with breast cancer completed the scheduled follow-up (1 year), and the worst VAS score at 1 year was 0. The three patients who could not complete the planned follow-up due to rapid progression of their primary cancer yielded the following worst VAS score changes: Patient 1 exhibited a reexacerbation in VAS score, Patient 4's score remained at the same level as the early response, and Patient 5's score was further reduced to 1.
Patient 1, who had right scapular pain, had limitations in the movement of his right arm and difficulty during meals. After the treatment, he had no more difficulty in using his right arm up to death, despite the re-increase in the VAS score. Patient 2, who had a metastatic lesion on the left iliac low-up sessions were at 3 days, 2 weeks, 1, 2, and 3 months, and 1 year after treatment. To evaluate efficacy and safety of the MRgFUS treatment, each follow-up section included an evaluation of patient status, changes in pain levels by visual analog scale (VAS) pain questionnaires, changes in analgesic medication intake, and any procedure-related adverse event. Pain relief indicated by a VAS score of 2 or morewas defined as significant pain relief.
At 3-months follow-up, unenhanced CT and contrast-enhanced MR imaging examinations were performed (imaging protocols were similar to those of baseline imaging).
RESULTS
A total of six painful metastatic bone lesions in five patients were treated by MRgFUS in this study. The primary tumor origins were the breast (n=2), kidney (n=1), liver (n=1), and trachea (n=1). The locations of treated bone lesions included the ilium (n=3), scapula (n=1), femur (n=1), and humerus (n=1). Five lesions were osteolytic, and one lesion was mixed type. The number of sonications was between 15 and 20 times per treatment. The energy range of sonication was between 400 J and 4800 J, and the power range was between 13 W and 160 W. The length of treatment ranged from 100 to 180 minutes. Four treatments were conducted under epidural anesthesia, and two treatments used a brachial plexus block. one day after MRgFUS treatment; however, this symptom resolved spontaneously within 2 weeks without any specific treatment. On the MRIs taken immediately and 90 days after treatment, there were no abnormalities in the adjacent nerves, including the sciatic nerve. Another adverse event was a skin burn on Patient 4, who had right humerus bone metastasis from renal cell carcinoma. One day after the treatment, there were second degree skin burns on the right humerus and chest wall, the side opposite to where the transducer was placed. These burns resolved spontaneously within 1 week.
DISCUSSION
Our preliminary study suggests that MRgFUS using the ExAblate Conformal Bone System seems to be an effective palliative treatment in selected patients with painful bone metastases, without serious adverse events. bone due to breast cancer, had difficulty in hip joint rotation and hardly walked. After treatment, her hip joint rotation became free, and her daily average walking distance increased to 4 km. The other patients did not describe any movement limitations before or after treatment.
Follow-up CT and MR imaging at 90 days after treatment were obtained for the two patients who completed the schedule. In Patient 2, the size of the enhancing soft tissue mass in the metastatic lesion had decreased, and a new bone formation was seen (Fig. 2) . In Patient 3, the enhancing soft tissue mass did not significantly change in size; however, a non-perfusion area was seen at the anterior periosteum of the femur (Fig. 3) .
Due to the anesthesia administered before the beginning of each treatment, all patients did not complain of any pain during the treatment. Although there were no severe adverse events related to the ExAblate Conformal Bone System treatment, two minor adverse events were noted in this study. Patient 3 complained of sonication-related leg pain tion of bone tissue is higher than that of soft tissue, and the penetration of ultrasonic energy into the bone can be minimal. Due to the low thermal conductivity and high acoustic absorption rate of the bone cortex, MRgFUS for bone metastases can be conducted using lower energy levels than MRgFUS for soft tissue tumors. This feature minimizes the thermal damage around the treated bone site while still achieving a localized heating effect.
In addition to volume reduction, new bone formation has been reported in several patients with osteolytic bone metastasis treated with MRgFUS. 8, 11, 12 A possible explanation for this observation is that thermal ablation by MRgFUS could lead to accelerated bone healing with subsequent sclerosis at the osteolytic lesion. In our study, one patient with osteolytic metastasis demonstrated new bone formation on 3-month follow-up CT and progressive formation on 1-year followup CT.
The thermal effect of high-energy focused ultrasound induces cell death and tissue coagulation necrosis. MR thermometry based on the shift in proton resonance frequency caused by temperature rise makes real-time thermal mapping possible. [13] [14] [15] The integration of focused ultrasound with MR thermometry enables the system operator to target and treat metastatic bone lesions accurately and safely, avoiding destruction of surrounding normal tissue by using the realtime closed loop control.
The device has a relatively high safety profile compared with alternatives. In our study, however, there were two adverse events, though not serious. One patient with sonication-related leg pain was clinically suspected to have a tranThe two patients with breast cancer showed complete response lasting more than 1 year, despite the progression of the tumor burden at primary and other metastatic sites. Considering that there were no adverse events observed at 1 year and that the procedure could be repeated as necessary, MRgFUS using the ExAblate Conformal Bone System can be a good treatment option, especially for patients with a long life expectancy.
Several previous studies reported the use of MRgFUS for pain palliation therapy performed on patients with bone metastases. These studies reported that MRgFUS can be an effective palliative treatment for selected patients with painful bone metastases without device-related serious adverse events. In previous body system studies, however, occasional difficulties were reported in positioning the patient over the water bath when bone lesions were in areas where placement in contact with the treatment transducer was difficult. Moreover, previous treatments performed using fixed position transducers could provoke pain during treatment by requiring patients to lie on a painful body site. 8, 11 The ExAblate Conformal Bone System used in the present study overcame these limitations by using a flexible transducer assembly, thereby enabling easy and comfortable access to multiple anatomical locations and reducing positioning-related pain in patients.
The mechanism of the analgesic effect on bone metastasis is assumed to be mainly periosteal denervation induced by high ultrasound energy absorption of the bone cortex. Another possible mechanism could be a reduced mass effect by thermal ablation of the tumor. The acoustic absorp- 
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sient sciatic nerve injury. One of the known complications of MRgFUS is nerve injury due to the lower tolerance of nerves to the high temperature. 16 The other adverse event in our study was a second degree skin burn on the side of the body opposite to where the transducer was positioned. There have been several reports of skin burns on the same side as the transducer due to entrapped air between the body and the transducer. 17, 18 However, our case shows a skin burn on the side opposite the transducer. This skin burn on the anterior arm might be related to energetic sonications that were not fully intersecting the body tissue, causing far field heating due to reflection from the skin-air interface. Due to the relatively low frequency of the conformal bone transducer, there is a deeper penetration of the energy. There is no upper limit to the accumulated acoustic energy as the energy is nonionizing. Therefore, the treatment can be repeated as long as tissue temperature is kept at a safe level. This feature makes MRgFUS more effective and useful than external-beam radiation therapy, which is currently considered as the standard treatment of bone metastases. Furthermore, MRgFUS does not require the insertion of any probe or needle into the patient, making the procedure completely noninvasive.
In conclusion, MRgFUS was shown to be a long-lasting, effective palliative treatment in selected patients with painful bone metastases. In addition to pain palliation, our results suggest MRgFUS as a potential treatment option for long-lasting local tumor control.
